Beaches worldwide provide recreational opportunities to hundreds of millions of people and serve as important components of coastal economies. Beach water is often monitored for microbiological quality to detect the presence of indicators of human sewage contamination so as to prevent public health outbreaks associated with water contact. However, growing evidence suggests that beach sand can harbor microbes harmful to human health, often in concentrations greater than the beach water. Currently, there are no standards for monitoring, sampling, analyzing, or managing beach sand quality. In addition to indicator microbes, growing evidence has identified pathogenic bacteria, viruses, and fungi in a variety of beach sands worldwide. The public health threat associated with these populations through direct and indirect contact is unknown because so little research has been conducted relating to health outcomes associated with sand quality. In this manuscript, we present the consensus findings of a workshop of experts convened in Lisbon, Portugal to discuss the current state of knowledge on beach sand microbiological quality and to develop suggestions for standardizing the evaluation of sand at coastal beaches. The expert group at the "Microareias 2012" workshop recommends that 1) beach sand should be screened for a variety of pathogens harmful to human health, and sand monitoring should then be initiated alongside regular water monitoring; 2) sampling and analysis protocols should be standardized to allow proper comparisons among beach locations; and 3) further studies are needed to estimate human health risk with exposure to contaminated beach sand. Much of the manuscript is focused on research specific to Portugal, but similar results have been found elsewhere, and the findings have worldwide implications.
Introduction
The beaches and shorelines are some of the more highly valued areas for recreation around the world, responsible, in many areas for significant tourism industry revenue (UNWTO, 2010) . Portugal is no exception and its climate generates a relevant role in Western Europe's shore lines. Over the past decade, there has been a significant increase in the number of beachgoers visiting these areas, resulting in simultaneous build-up of housing (including motels and hotels) and restaurants, along the entire coast. Maintaining the integrity of these areas for public health is of utmost importance for the economic viability of coastal communities: a disease outbreak associated with beaches will have severe negative economic impacts on the surrounding communities. For example, during the production of this paper, the Lisbon area went through such a scenario (General Directorate of Health -July, 15th, 2013 www.dgs.pt).
Water quality is currently monitored at recreational beaches to assess the risk of water-borne illnesses to beachgoers. The abundances of the bacteria Escherichia coli (freshwater) or enterococci (marine) are used to assess whether water conditions are suitable for swimming within the European Union state members (Directive, 2006/7/EC) . Allowable levels after the local publishing of the latest revision of this directive in May 2012 (Law-decree 113/2012) include single sample maximums 1200 and 1800 CFU/100 mL for E. coli and 350 and 600 CFU/100 mL for enterococci, for coastal and transient waters and for inland waters, respectively. Although most of the local European regulations focus on reducing the number of water indicators through improved hygiene on surrounding areas, as imposed by the current European Directive, national surveys conducted by the authors on sand have shown that regulated beaches do not necessarily comply with the maximum locally determined mean levels, especially for fungi (including blue flag awarded beaches; Brandão et al., 2002 and Sabino et al., 2011 (10 CFU/g for enterococci, 25 CFU/g for E. coli, 15 CFU/g for yeasts, 17 CFU/g for potential pathogenic fungi, 8 CFU/g for dermatophytes)). In the USA, these same bacteria are used for monitoring recreational water quality (US Environmental Protection Agency, 2012) with single sample maximums of 235 CFU/100 mL for E. coli and 104 CFU/100 mL for enterococci. These bacteria were selected due to their direct association with infections and are usually referred to as fecal indicator bacteria (FIB) . Epidemiological studies have shown that the presence of these FIB at densities higher than those recommended by the Environmental Protection Agency (US) are linked to swimmer's gastro-intestinal (Haile et al., 1999; Wade et al., 2003) and skin illnesses . Although existing legislation focuses on measuring bacteria in water, sand is not included within the regulatory framework (Pereira et al., 2013) . Transmission of microbes from the sand to the water can occur through tidal washing in the intertidal zone. Sand also represents a direct source of illness through skin contact and through ingestion via hand-to-mouth activity, especially among beachgoers who play in the sand .
There is little consensus on what indicator microorganism(s) to use in monitoring the health risks associated with beach sand. This lack of consensus is mainly a result of the paucity of studies involving the monitoring of sands. Epidemiological studies have just begun to evaluate the risks of illness associated with beach sand contact, with studies suggesting a link between sand quality and human health impacts (Bonilla et al., 2007; Stone et al., 2008; Wade et al., 2008; Heany et al., 2009; Whitman et al., 2009; Heaney et al., 2012) .
The aim of the work presented here is to provide new insights on the issue of health risks associated with beach sands. Much of what we present is collated from a recent workshop convened on October 26, 2012, at the National Institute of Health Dr. Ricardo Jorge, Lisboa, Portugal, under the name "Microareias 2012". This workshop was organized to discuss and summarize current knowledge and data on microbiological quality of beaches. Specifically, multidisciplinary working groups were formed to address the following objectives: (1) evaluate microbiological agents in sands of bathing areas that can cause disease (coastal and inland), (2) assess agent sample collection and methods of detection and identification, and (3) provide recommendations to help address the human health risks associated with pathogen presence in beach sands. What follows, here, is a compilation of the state-of-the knowledge for the three workshop objectives.
Microbiological agents found in sands of bathing areas
There is evidence (Stewart et al., 2008 ) that beach sand can harbor fecal indicator organisms (FIO), as well as pathogenic bacteria (Pseudomonas spp., Salmonella spp., Shigella spp., Campylobacter jejuni, Staphylococcus aureus, Vibrio parahaemolyticus and, Vibrio harveyi), fungi (Candida spp. and, dermatophytic fungi), parasitic nematodes and viruses (adenovirus, norovirus, enterovirus). Some of these microbes are transmitted through fecal oral routes (Pseudomonas, Salmonella, Shigella, Campylobacter and viruses) whereas others are mainly transmitted through direct contact with skin (Staphylococcus, Vibrio, Candida, dermatophytes and other keratinophylic fungi as well as nematodes) and through inhalation (sporulating opportunistic and/or allergenic fungi). Pinto et al. (2012) found elevated levels of fecal indicators and parasites in the sand of beaches from São Paulo, Brazil. Abdelzaher et al. (2010) found that enterococci in sand beaches of a south Florida, USA beach correlated with supplemental FIB (fecal coliforms, E. coli, and Clostridium perfringens) in both water and sand samples. Pathogens were detected predominantly during the same sampling event that resulted in the highest indicator microbe levels. Collectively these results suggest a potential relationship between pathogens and FIB in sand. The subsequent sections begin by describing the presence of FIB in beach sands and then subsequently describe pathogenic fungi, parasites, and viruses that have been found in beach sands and that could pose potential risks to beachgoers.
Bacteria
Numerous studies have shown that beach sand may serve as a reservoir for pathogens harmful to human health and indicator microbes that can be released into surrounding waters through tidal action or run-off (Alm et al., 2003; Whitman and Nevers, 2003; Boehm and Weisberg, 2005; Beversdorf et al., 2007; Colford et al., 2007; Fleisher et al., 2010; Ge et al., 2010; Sinigalliano et al., 2010; Abdelzaher et al., 2010) . Several authors have reported that both indicator bacteria and potential pathogens occur in beach sands of both freshwater and marine environments (Sanchez et al., 1986; Ghinsberg et al., 1994 Ghinsberg et al., , 1995 Obiri-Danso and Jones, 2000; Desmarais et al., 2002; Sato et al., 2005; Vantarakis et al., 2005; Beversdorf et al., 2007; Bonilla et al., 2007; Vogel et al., 2007; Hartz et al., 2008; Abdelzaher et al., 2010) . In fact, bacterial cell numbers can be substantially higher in the sand than in nearby waters; for example in the Great Lakes region of the US, E. coli in sand can be found at levels of 10 to 100 times higher than adjacent waters, generally ranging from 10 3 to 10 4 CFU/g at an enclosed beach to 10 1.5 to 10 2.5 CFU/g at open beaches (Burton et al., 1987; Doyle et al., 1992; Irvine and Pettibone, 1993; Oshiro and Fujioka, 1995; Whitman and Nevers, 2003; Yamahara et al., 2007) . This phenomenon might be of even greater concern in high-latitude regions where bathers spend more time on the beach itself than in the water (WHO, 2003) . Sands within and near intertidal zones can contain nutrients that may promote survival and growth of such indicator bacteria and pathogens (Papadakis et al., 1997; Shah et al., 2011) . The origins of these microorganisms in sand are often unclear, but they are likely from both exogenous (e.g., sewage or run-off) and/or indigenous sources (e.g., regrowth within the sediments) (Ferguson et al., 2005) and from humans and animals present on the beach ). The presence, persistence, and accumulation of FIB in sediments show that beach sands are likely reservoirs for these microbes and thus can have an impact on water quality (Byappanahalli et al., 2003; Boehm and Weisberg, 2005; Beversdorf et al., 2007; Yamahara et al., 2007; Hartz et al., 2008; Halliday and Gast, 2011) .
Enterococci have been detected in beach sediments where there may not be a clear, nearby source of sewage (Whitman and Nevers, 2003; Shibata et al., 2004; Abdelzaher et al., 2010; Badgley et al., 2010; Wright et al., 2011) ; sources of enterococci from sewage are relatively easier to identify and control. Harmful bacteria resident in beach sediments can be resuspended in surrounding waters as a result of agitation from recreational activity or storms during the summer season (Abdallah et al., 2005) . Release of enterococci from beach sands following a significant rainstorm has been reported (Phillips et al., 2011a) . Moreover, such rain events resulted in a number of preemptive beach closures due to FIB, representing 21% of the closures at US beaches in 2009 (Dorfman and Rosselot, 2010) .
Enterococci levels are directly correlated with levels of human pathogens in beach sand (Shah et al., 2011) . Due to this risk to human health, it is important to assess the contribution of microorganisms harbored in beach sediment to the overall quality of the beach and associated recreational water (Phillips et al., 2011b) . High enterococci levels in beach water represent an increased health risk for beachgoers who enter the water Sinigalliano et al., 2010) . In fact, a pilot epidemiological study conducted by Bonilla et al. (2007) demonstrated that gastrointestinal illness in beach users was associated with exposure to water and intertidal sand, whereas contact with the sand in upper beach areas did not result in such illnesses (Pinto et al., 2012) . However, the capacity of bacterial pathogens in beach sand to infect beach users remains unclear. The cause-effect or a possible dose-response relationship linking the microbial quality of beach sand with skin, eye, ear and mucous membrane infections is also unknown. Bacteria such as S. aureus and Pseudomonas aeruginosa, responsible for these infections may be appropriate non-enteric indicator organisms. S. aureus cross-infection was found among bathers in recreational waters, as well as a correlation between skin infections and levels of P. aeruginosa in seawater (Field and Samadpour, 2007) . S. aureus possesses a wide tolerance for environmental stresses such as high salinity and variations in osmotic pressure. High levels of S. aureus and P. aeruginosa, previously reported at three South Florida beaches (Esiobu et al., 2004) , may be explained by the ability of these organisms to replicate in sand over a range of conditions, and the sand may also offer an environment favorable to pathogen growth through biofilm development (Hartz et al., 2008) . Biofilms provide protection against extreme changes in moisture, salinity, and other environmental variables as well as provide some protection against predators, as reviewed in Fanning and Mitchell (2012) .
The consensus among meeting participants was to not expand the bacteriological parameters currently in use, as they match the ones used on water quality assessment (E. coli and enterococci). However, it is recognized that other bacteriological agents have been recommended by other groups including C. perfringens as utilized by the State of Hawai'i, USA (US EPA, 2000) and Bacteroidales as evaluated through many research studies (Layton et al., 2013) . Moreover, in the case of suspected bacterial outbreaks caused by other bacterial species, health authorities or beach management should request the isolation and identification of the causative agents.
Fungi
A number of studies have detected certain species of fungi in beach sand. Some of the fungi remained viable in sand under laboratory conditions for up to six months (Carillo-Muñoz et al., 1990) . In seawater, fungi remained viable for a year (Anderson, 1979) . It was further demonstrated that some fungi isolated from seawater could even survive under conditions of high salinity and temperatures, exceeding those of the natural seawater habitat. This finding confirmed that seawater could serve as a niche for potentially pathogenic fungi in both natural conditions as well as within extreme environments.
An effective method for measuring fungi proposed by Sabino et al. (2011) divides fungi into three practical groups: yeasts, potentially pathogenic and allergenic fungi, and dermatophytes. These fungal groups include all yeasts (except the black yeasts), the filamentous fungi of species of Aspergillus, Fusarium, Scopulariopsis, Scedosporium, Chrysosporium, Scytalidium, and, finally, all of the dermatophytes (Trichophyton, Microsporum and Epidermophyton) of clinical relevance. Many of the fungi in these groups are ubiquitous in nature and are not necessarily pathogenic. However, within the past few years a number of clinical cases involving infections by these fungi have been detected (mainly respiratory, skin and nail infections) (Nucci and Anaissie, 2007; Cortez et al., 2008; Knutsen and Slavin, 2011; Morrissey, 2013) . Most of these cases have involved patients who are immunocompromised, and thus, relatively more vulnerable to infection by opportunistic pathogens. But, some cases have involved patients who are immunocompetent (Chanqueo et al., 2009) . Indeed, species of the opportunistic fungi Scedosporium have become increasingly recognized as an emerging pathogen among the ever-increasing population of immunocompromised individuals. This is borne out of the growing number of reports and publications over the past few years of infections by this genus (Cortez et al., 2008) .
Fungi associated with endemic infections (e.g., cocciodiomycosis and histoplasmosis) and any other fungi found in sand samples at N500 CFU/g of sand should be reported, according to Sabino et al. (2011) . Detection of any of the following fungi was considered to be of special concern among the participants of the workshop: Cryptococcus gattii, Cryptococcus neoformans, Histoplasma capsulatum, and Cladophialophora bantiana. C. gattii is classically considered to be geographically restricted to countries with tropical and subtropical climates. Nevertheless, several authors reported environmental C. gattii in soil and vegetable material (live and decaying plants and trees) in Europe (Chowdhary et al., 2012) . C. neoformans var. neoformans is responsible for most cases of cryptococcosis in immunocompromised patients whereas C. gattii has been associated with infections in patients having a normal immunologic status. H. capsulatum var. capsulatum is the etiologic agent of non-African histoplasmosis. The spectrum of its pathologies varies from benign pulmonary infection to severe disseminated infection in immunocompromised individuals. H. capsulatum is considered an endemic fungus of the Tennessee, Ohio, and Mississippi river basins occurring especially in soils contaminated with droppings of birds and bats. Moreover, an increasing number of autochthonous cases of histoplasmosis have been described in Europe (Ashbee et al., 2008) .
Also of concern, especially recently, is C. bantiana -a phaeoid fungus with worldwide distribution. It is the most common microorganism involving non-traumatic infections of the central nervous system. Infections by this fungus have even been found in immunocompetent, young individuals who have no underlying risk factor for fungal infection (Ganavalli and Kulkarni, 2001) . There are only a few reports of its isolation from nature. The precise ecological niche of this fungus is unknown, but it is believed to occur in the soil, as suggested by the association of infection by C. bantiana with farming (Ganavalli and Kulkarni, 2001 ). The workshop participants believe the resemblances between many farming terrains and freshwater catchment environments in terms of soil quality, moisture content, and organic content of composition raise some concern on this specific fungus given the described above.
Parasites
Water continues to be a major reservoir and conduit for transmission of many parasites. Waterborne parasitic organisms of human concern, associated with beaches and sand, are generally disseminated into the environment in the feces or urine of infected animals or humans. This is especially the case with the protozoan parasites, such as Giardia duodenalis, Cryptosporidium sp., and Toxoplasma gondii, and the helminth Toxocara sp. (Slifko et al., 2000) . Waterborne transmission plays a major role in the transmission of these parasites to the population, at large. Several outbreaks of giardiasis, cryptosporidiosis, toxoplasmosis, and toxocarosis, to one degree or another, are attributed to water and food transmission via (oo)cysts or ova of these parasites (Yilmaz and Hopkins, 1972; Benenson et al., 1982; Mac Kenzie et al., 1994; Bowie et al., 1997; Cotte et al., 1999; Slifko et al., 2000) . In such cases, human infection can occur either by direct consumption or by the use of contaminated water in food processing or preparation. The presence of these parasites in irrigation waters can lead to contamination of the food supply. However, they can also be found in fresh and marine waters of recreational areas.
The presence of fecal pathogens from terrestrial animals in coastal waters and filter-feeding shellfish has been previously documented (Shapiro et al., 2010) . These have lead to reports of infections and deaths in aquatic wildlife and humans who became exposed to these parasites either through recreational activities or consumption of seafood.
Giardia and Cryptosporidium are the most common enteric protozoa associated with human gastroenteritis, worldwide, and are among the top ten major human parasites (Thompson et al., 2000; Smith et al., 2007; Sunderland et al., 2007) . G. duodenalis causes an estimated 2.8 × 10
8 cases per year (Lane and Lloyd, 2002) . In Portugal the prevalence of giardiasis in asymptomatic children residing in the Lisbon region was 6.9% (Júlio et al., 2012a) . The annual human incidence for infection by Cryptosporidium in the year 2000 was estimated at 1.17 per 100,000 persons (Groseclose et al., 2002) . Matos et al. (1998) found a prevalence of 8% of HIV patients that had diarrhea were infected with Cryptosporidium. T. gondii is a protozoan pathogen that infects vertebrates, including humans; oocysts of this protozoan are excreted into the environment mainly in the feces of felids (Dubey, 1998) . These oocysts can survive in terrestrial and aquatic environments. The prevalence of toxoplasmosis in humans varies between 35% in southern and 70% in northern Portugal (Lopes et al., 2012) . In a recent study, there were 11 cases of human congenital toxoplasmosis (CT) per 10,000 births, which means an estimate of 124 CT cases per year were found (Ângelo, 2003) . In Lisboa and the surrounding area, toxoplasmosis seroprevalence was 71% for a sample of 145 cats. Another study (Waap et al., 2012) determined that there was an overall prevalence of 44.2% of T. gondii in cats, which was in line with the 30-40% estimated seroprevalence of T. gondii in cats worldwide (Elmore et al., 2010) .
Toxocarosis is a zoonotic disease caused by larvae of the helminthic worm, Toxocara. This ascarid roundworm has a worldwide distribution. Species of Toxocara having human and animal health significance are essentially represented by Toxocara canis and Toxocara cati, parasites of canids and felids, respectively. According to recent data, the prevalence of T. canis or T. cati is variable but remains high, up to 64.7% for T. canis and 55.2% for T. cati, respectively (Chen et al., 2012) .
Based on a two-year large-scale survey assessing the occurrence of Giardia and Cryptosporidium at 19 river beaches in the larger Portuguese river basins, these parasites were widespread in river basins (85% and 82% respectively -Júlio et al., 2012b). Abdelzaher et al. (2010) found Giardia cysts in water and Cryptosporidium oocysts in sand when the highest levels of indicator microbes were detected. In a study carried out in Champagne-Ardenne Region, France, T. gondii DNA was detected in several environmental samples (underground water, raw surface water) including public drinking water (Aubert and Villena, 2009) . No records were found of detecting T. gondii in beach sand. Moreover, these robust parasitic stages are capable of persisting for an extended period of time in the environment and are highly resistant to treatment by various chemicals, or other disinfecting methods, commonly used by the municipal water supply industry (Korich et al., 1990; Dumètre et al., 2008) . In a study of two sand beaches in Marseilles, France, T. canis was the most common parasite, detected regularly in 150 g of sand (Conseil Supérieur d'Hygiène Publique de France, 1990) . However, in a study carried out on "dog beaches" in Perth, Australia, a total of 266 samples showed no trace of T. canis eggs or other eggs/larvae of parasitic nematodes (Dunsmore et al., 1984) . It was emphasized in this study that the major risk to humans was from an environment in which puppies, not older dogs, were found. According to the literature, it is assumed that common sources of indicator pathogens at beach sites include dogs and birds .
The discussion at the "Microareias 2012" meeting had the agreement among all of the participants that Giardia sp., Cryptosporidium sp., T. gondii, and Toxocara sp. be analyzed in microbiological sand quality.
Viruses
Not many reports can be found on viruses having been investigated in recreational sand areas but their presence could be potentially hazardous to human health as reported by WHO (2003) . Meeting participants, therefore, recommend that viral detection technology is worth pursuing for use in assessing recreational beaches. The health risks of viruses are summarized below.
Enteroviruses (Coxsackie viruses, echoviruses and hepatitis A), adenoviruses, and enteric viruses (noroviruses, astroviruses, adenoviruses 40 and 41) are the viruses most frequently implicated in outbreaks of recreational water-borne diseases. Many epidemiological studies show there is an alarming increase in the incidence of viral infections in immunocompromised individuals or people participating in recreational activities in both marine water and freshwater, including gastrointestinal, respiratory, ear, eye, skin and other more serious infections with high morbidity and mortality, such as meningitis, encephalitis and paralysis (Sinclair et al., 2009; Okoh et al., 2010) .
Studies in Europe and the USA suggest that most infections contracted as a result of swimming, canoeing, or other recreational use of sewage-polluted water may be viral in nature (Wyn-Jones et al., 2010) . Viruses may persist in the environment as they are known to be more resistant to degradation than bacteria (Vasl et al., 1981) and are transmissible by a number of routes. Enteric viruses, for example, are diverse, and can be transmitted from person to person or through contact with contaminated food or water. Their spread is usually associated with insufficient hygiene or sanitation (Wyn-Jones and Sellwood, 2001) .
Human noroviruses are the most common agent of acute viral gastroenteritis in people of all age groups. Moreover, the short duration of protective immunity from prior norovirus infections, together with the large number of immunologically distinct strains, explains the abundance of norovirus outbreaks in the populations of both developed and developing countries (Wyn-Jones and Sellwood, 2001; Okoh et al., 2010) . Additionally, noroviruses have been reported to be the principal cause of waterborne illnesses, estimated to cause more than 80% of all nonbacterial waterborne outbreaks (Sinclair et al., 2009; Gibson and Schwab, 2011) .
Enteric adenovirus is the second most prevalent agent associated with viral illnesses (Sinclair et al., 2009 ). They are highly prevalent and very stable, and more resilient to body exogenous conditions than enterovirus, due to their structure. Human adenovirus has therefore been proposed as a suitable index to indicate viral contamination by humans. In addition, both norovirus and adenovirus possess properties that favor their efficient spread via the environment: their abundant excretion into the environment by those infected, their resistance to heat and disinfection (Okoh et al., 2010) , and their exceptional survival time in both dry and moist environments (Maunula et al., 2004) .
Since the late 1970s, virus measurements have been considered for water quality monitoring. Bathing water quality in the European Union (EU) has been regulated since 1976 under the Bathing Water Directive (BWD) (76/160/EEC). Initially, this Directive included the enterovirus parameter (CEU, 2006 . Directive 2006/7/EC); however, in the 2006 revision of this Directive (rBWD, CEU, 2006) , the enterovirus parameter was withdrawn. Only the bacterial parameters, intestinal enterococci and E. coli have been since considered (Directive 2006 /7/EC (rBWD, CEU, 2006 Mansilha et al., 2009) ).
It should be noted, however, that analysis for just certain bacteria and/or parasites, most commonly used to assess water quality, does not always provide a sufficient indication of fecal pollution (Sinclair et al., 2009; Okoh et al., 2010) . Several studies have shown that levels of indicator bacteria do not necessarily correlate with those of viruses, particularly when fecal indicator concentrations are low (Wyn-Jones et al., 2010) . For example, adenovirus was reported in a swimming pool in Greece as the source of an adenovirus outbreak, while all bacteriological indicators tested were negative (Papapetropoulou and Vantarakis, 1998) . This particular outbreak coincided with the loss of chlorine residual in the pool, thereby emphasizing the need to assure chlorinated pool waters to protect against not only possible bacterial agents of disease, but also viral agents.
More recently, a recommendation to review the current bathing water directive 2006/7/CE has been issued as the result of a research project (EU Framework 6 Project VIROBATHE, Project number 513648), in order to add adenovirus and norovirus molecular detection to the current European Directive (Wyn-Jones et al., 2010) . The reason for this recommendation is that viral and current bacterial indicators do not correlate and so current bacterial indicator limits do not exclude viral contamination in pathogenic levels. Recent data suggests that the adding of another bacterial indicator correlates with adenoviruses (Sauer et al., 2011) but not always (McQuaig et al., 2012) .
As a conclusion of the meeting and in accordance with Sinclair et al. (2009) , growing recognition of the importance of viruses as etiological agents of the gastrointestinal infections suggests they, too, should be useful indicators of human fecal pollution, in addition to bacterial and parasitic parameters.
Sampling, detection and identification

Sample collection
From the discussion on the standardization of sampling methods for sand, three possibilities were taken into account: analyzing only the wet sand, only the dry sand, or both. Analyzing wet sand instead of only dry sand is recommended by the workshop participants since many of the microorganisms detailed above, including parasites and viruses, are extremely moisture-content dependent for survival. Therefore, and for an experimental period of time, samples should be collected from both wet and dry sands.
Accurate monitoring for levels of enterococci in sand is somewhat difficult. According to some monitoring studies conducted by the World Health Organization (WHO, 2003) "sand contamination is highly variable over short distances, making interpretation of results difficult", a finding supported by Bonilla et al. (2007) , who found high variation over a few centimeters. One solution for the high heterogeneity is to collect samples from many different locations and analyze a composite of these samples as recommended by Phillips et al. (2011) . It is recognized however that if spatial resolution is important, then collecting individual samples would be necessary.
The methodology used to collect composite samples from both wet and dry sand is identical. Sample collection for wet sands was defined as that area up to 1 or 2 m from the sea during low tide. These samples will not necessarily reproduce the results of water samples. They may in some cases reflect runoff or degradation of organic material and influences of beach users.
The consensus reached by the meeting participants was that the sand samples (one set wet and one set of dry sand) are to be collected in three equidistant points along the beach, attempting to represent the beach sand as a whole. It was agreed that this was sufficient taking into account the cost of performing multiple sand analyses for a single beach. The frequency of sampling did not generate any particular recommendation concerning timing but it was agreed that water and sand samples should be collected simultaneously (at the same time) in order to avoid wasting human and financial resources.
Detection and identification
A significant amount of research has been directed at maximizing the procedure used to quantify bacteria in sand, and a variety of techniques have been explored. In an extensive analysis of laboratory methods, Boehm et al. (2009) examined the processing of indicator bacteria from beach sand using a variety of techniques for physical agitation, elutriation, blending, decanting and filtering. They aimed to determine what combination of methods yielded the most consistency and accuracy in results. Ultimately, they determined that the preferred method included 2 min of hand-shaking to agitate bacterial cells from the sand into the elutriate, followed by a short settling period and a single rinse. They concluded that standardization of the method-tested on sands from California, Florida, and Lake Michigan-would allow more accurate comparisons among beach locations worldwide (Boehm et al., 2009) .
The current laboratory method used in Portugal to analyze sand for microorganisms is summarized, as follows. Sterilized, distilled water is added to a sand sample (40-50 g), and the mixture is agitated (not vigorously) in order to dislodge and extract microorganisms. 0.2 mL of the supernatant is then spread onto media in a Petri dish, followed by incubation, growth and identification of individual colonies of fungi. For bacteria, Colilert® and Enterolert® (IDEXX Laboratories, Inc., ME, USA) have been used to detect E. coli and enterococci, as thoroughly described in Sabino et al. (2011) . For the detection of helminth eggs a sedimentation method may be used.
The basic steps in the analysis of environmental recreational water for presence of viruses include sampling, concentration, and specific virus detection. The concentration step is critical, since viruses may be present in low numbers in water (Prata et al., 2012) . Concentration of recreational water samples is performed by filtration through nitrocellulose membranes, elution, and organic flocculation (Wyn-Jones and Sellwood, 2001) . Ultracentrifugation is also an efficient alternative concentration method (Prata et al., 2012) . Another alternative method of filtration is through VIRADEL cartridges filter (Ortega et al., 2009 ), based on standard protocols (US EPA, 2001).
Conventional microbiological methods for identifying microorganisms are laborious and time-consuming, involving days of culturing and identification by microscopic or biochemical characteristics. For fungi and parasites, there is also the need of a high level of expertise to identify the species detected. Moreover, certain microorganisms that may occur in sand samples are not cultivable on available media (Oliver, 2002) or are not present in high enough numbers to allow detection (Guy et al., 2003) . An alternative and newer method is quantitative polymerase chain reaction (qPCR). This method has proven to be faster (a few hours) and more effective tool for detecting and quantifying microorganisms in water, including water from recreational beaches (Haugland et al., 2005 . Moreover, qPCR assays have been developed for detecting specific adeno-and polyomaviruses, bacteria, and protozoa from different water sources. There is, however, a need to standardize qPCR protocols for use as an analytical diagnostic tool for routine monitoring. Nevertheless, the US EPA is currently considering qPCR as a rapid analytical tool to detect and quantify fecal indicator bacteria in recreational waters (Shanks et al., 2012) .
For parasites, the recommended methods for detection and identification of Cryptosporidium oocysts and Giardia cysts are described in US EPA (2005 method #1623). The detection of Toxoplasma oocysts in environmental samples is still under development. One practical method (Schwab and McDevitt, 2003) is based on the detection of DNA of T. gondii oocysts isolated from water. This method requires the amplification of the B1 gene by PCR (Hohlfeld et al., 1994) . Moreover, Howe et al. (1997) suggest the amplification of both ends of the SAG2 gene by PCR, in order to genotype water-borne T. gondii.
For viruses, nucleic acids are extracted from the concentrate and are used as templates for DNA amplification by PCR. This can be preceded by reverse transcriptase in the case of RNA virus. An internal control must be added to samples prior to PCR to guard against false negative results (Vennema et al., 2002; Wyn-Jones et al., 2010) . PCR products are then separated by agarose gel electrophoresis and visualized under UV light. A more sensitive detection of viral nucleic acids can be achieved by coupling PCR with probe detection, using the Real-Time PCR technology (Bosch et al., 2011; Gibson and Schwab, 2011) . More recently, a new approach to PCR using magnetic beads has proven useful and more robust in detecting several enteric viruses in environmental water (Wong et al., 2012) .
Another approach for virus detection and identification involves the use of traditional cell culture methods; shortcomings include unavailability of cell culture systems for all viruses, lengthy culture time, and lack of in vitro cytopathic effect in all viruses (Papapetropoulou and Vantarakis, 1998; Sellwood, 2001 Bosch et al., 2011) . As stated, the viruses most frequently associated with recreational water-borne disease outbreaks are enterovirus (Coxsackie viruses, echoviruses and hepatitis A virus), adenovirus, and enteric virus (noroviruses, astroviruses, adenoviruses 40 and 41). Hence, for the workshop participants, these groups are most important for analysis in recreational waters and within wet sand samples.
This meeting (Microareias 2012) resulted in the conclusion of the following: culture methods will be maintained and routinely used as a screening method for cultivable microorganisms, whereas molecular methodologies (already in use or to be implemented) will be applied to the detection of non-cultivable microorganisms or in order to more rapidly detect possible outbreaks. It is understood that routine monitoring using molecular technologies would require a considerable investment in training the workforce and in upgrading supplies and equipment. However, the benefits of such monitoring could potentially outweigh the costs through improved beach quality and beachgoer health.
Recommendations for addressing human health risk
Restricting beach monitoring to beach water and excluding sand creates a gap in assessing the overall health risks in beach areas, including indirect risks from the washoff from sand and direct effects from contact with the sand. It may be worthwhile to determine if monitoring microbial contamination of beach sands, using fecal indicators or other variables such as environmental factors (e.g. organic littering, wash-off of algae, frequent presence of wildlife shows a relationship with water quality in the surrounding vicinity. If a relationship exists, water monitoring results could become an indicator of sand quality. Initial surveys of beach sand directly could provide a better understanding of potential health risks in a given area (Shibata and Solo-Gabriele, 2012) .
A wide variety of pathogens should be included for screening in different sand zones. This would help to establish any links between illnesses and the range of pathogens detected. These might include C. perfringens (sporulating longer-term fecal indicator) and other microorganisms, such as P. aeruginosa, S. aureus, Candida albicans and dermatophytes, responsible for skin and mucous membrane infections (Shah et al., 2011; Pinto et al., 2012; WHO, 2003) . In recent studies, a positive correlation was established between indicator microorganisms and some pathogens, namely helminthes, yeast (Candida) and methicillin-resistant strains of S. aureus (MRSA) (Shah et al., 2011) . Some of the 'new' microbial agents (e.g., Exophiala sp.) may be of interest too. In addition to the use of newer pathogens or indicators, the use of molecular technology (e.g., PCR) could also improve our understanding of health risk associated with sand. These decisions will need to be based on infectivity of potential agents, the difficulty in their isolation in culture medium in the laboratory, and the urgency needed for results, so as to identify sources of an outbreak to inform health authorities to restrict public access to these areas.
In a prior study, to determine the presence of yeasts, pathogenic fungi, dermatophytes, total coliforms, E. coli and intestinal enterococci in sand, a sub-group of the workshop participants analyzed samples from thirty-three beaches across Portugal over a five-year period (2006) (2007) (2008) (2009) (2010) . We reported the results of this study as to the microbiological quality of the sand at selected beaches, including the distribution of bacteria and fungi collected from beach sands. Based on variations in the concentrations of these microorganisms from beach to beach we proposed certain threshold values for selected microbiological indicators. The results of this study provided a useful baseline for assessment of sand beach microbiological flora, and served as a reminder of the occurrence of potentially harmful fungi and bacteria in these environments (Pereira et al., 2013; Sabino et al., 2011) . The conclusions of this study are that beach cleaning improves the recreational qualities of the beach in terms of organic content in the sand, but that the impact of water quality is less evident. The ecological effects seem to be small even though the abundance of several animal species was less at cleaned beaches, probably because of reduced food resources.
Rare incidence of pathogen isolation in sand does not necessarily equate to a lower risk for bathers. Differences in actual presence of pathogens and the level of their detection may differ significantly because of technical limitations to measure all pathogens accurately. Pathogens may reside on the sand surface, in crevices, or in biofilms that adhere to sand, which complicates pathogen quantification (Wang et al., 2010) . Environmental factors and sanitary conditions of sandy shores (e.g. hydrometeorological and physical/chemical parameters as well as solar insolation and tidal period) may also impact microbial levels in sand and water Shah et al., 2011; Phillips et al., 2011; Brandão et al., 2002) . In addition to public health concerns to beachgoers, one must also consider occupational hazards for workers at sand beaches, such as life guards and staff from surrounding restaurants etc. Their exposure time to fungal and bacteria species present in sand is increased due to their professional activities (Viegas et al., 2010) .
Additional meeting highlights
Other points were raised during the meeting that related to public health risk. These included the need to address infestations of insects, including mosquitoes, in areas that promote their proliferation, and also the importation of sands that may harbor parasites and harmful arthropods. For example, we discussed the possible presence of eggs of poisonous arachnids, resulting from the replacement of sand or construction of artificial beaches with sand imported from tropical regions. Also mentioned was the relevance of analyzing sandbox sand from public playgrounds, the same way and for the same reasons as those described for beach sands. This may be particularly relevant to the detection of toxoplasma associated with cats which frequently "visit" such sandboxes.
Generally speaking, the behavior of beachgoers and bathers can directly affect the microbiological quality of sand. As a result, implementing simple steps such as having enough garbage containers available on beaches or limiting the presence of pets on crowded beaches can be important in reducing human exposure to various pathogens. Sanitary management of beaches can play an important role with regard to public health. It is worth noting that WHO (2003) does not recommend the disinfection of sand but recommends the proper management of the coast instead (Pinto et al., 2012) . Our belief is that potential public health issues concerning both sand and water quality of beaches should be taken into account in future policy decisions. In the event that beach sand is to be remediated, the use of chlorine (Mika et al., 2009 ) and iodine (Sabino et al., 2011 ) may be warranted.
Finally, it should be stressed that the microbiological monitoring of beach-sand quality needs to be performed. This type of testing should be initiated despite the absence of quantitative criteria or known threshold levels; at a minimum, it would allow the gathering of data for developing and improving future studies to set standard protocols and establish criteria to assess risks to public health. Such studies would also be useful for implementing preventive measures or verifying effectiveness for beach sanitation programs or educational campaigns for beachgoers and local traders. The authors propose to define the indicators for sand health quality and implement a monitoring and national management program on designated beaches, to be completed by 2015.
